The engine performance with atomic boron with 40-wt% helium addition is very low at the low O/F ratios. Using the higher O/F ratios, the engine performance was found to be much less sensitive to helium addition. Figures 2 and 3 show that at the OfF ratios of 2 to 4, the effect of helium addition is relatively small, and these data were used later to find the "best" design point for the atomic rocket vehicles. If there is a small effect of the helium addition on the engine Isp, this fact can be used to ease the design challenges of the feed system. With a larger helium wt%, there is a better chance to make the solid particle feed system successful.
At a 50-wt% B loading (and O0-wt% He), the maximal Isp is 651.2 seconds, at an O/F ratio of 0.0. At the 40-wt% He level, the 50-wt% B engine Isp is 522.3 seconds. This large disparity in the l_p values leads to large differences in vehicle GLOW, and implies that the higher O/F ratios will be more important in reducing vehicle GLOW, especially if higher wt% of helium are required.
Carbon: The engine Isp data for the carbon cases is depicted in Figures 4 and 5. For the 24-wt% C engine, the maximum Isp value is 512.5 seconds at an O/F ratio of 0.0 (00-wt% helium). Using a 40-wt% helium addition with 24-wt% C, the Lp drops to 402.8 seconds. With the 50-wt% C cases (with 00-wt% helium), the maximum I_p is 696.4 seconds. For the 50-wt% C with the added 40-wt% helium, the I_p drops to 570.7 seconds.
As with the boron cases, the atomic carbon engine showed lower performance at the lower O/F ratios when operating at the high helium wt% values. The monopropellant cases showed the greatest sensitivity to helium addition, and this low Isp will dramatically increase the vehicle GLOW. Operating at the higher O/F ratios will assist in reducing the vehicle GLOW.
Hydrogen:
The Table I ) and the bipropellant scaling equations (in Tables II, III , and IV) showed that the B factor is substantially reduced when designing the bipropellant propulsion systems. This reduction is the result of the higher density of the 02. As the OfF ratio increases, the higher density oxygen is replacing some of the lower density atomic fuel.
Using the higher density oxygen also reduces the engine Iw, but in the overall design, the GLOW of the vehicle can be reduced over the monopropellant case. Higher propellant density results in lower vehicle dry mass, and volume over the vehicle using the lower density atomic fuel. The dry mass is also a historically important parameter in estimating the cost of propulsion systems (Ref. 30) , and these data are also presented.
Vehicle costs were not estimated in this paper, but the information is provided to assist future cost estimators in their analyses.
Gross Lift Off Weight
Boron: Figure 9 compares the GLOW of a 22-wt% B rocket for both 00-wt% He and 40-wt% for the OfF range of 0.0 to 5.0. The 22-wt% B vehicle with 00-wt% He has a minimum GLOW value at an OfF ratio of 2.0, at 2,260,000 kg, but the minimum exists broadly between the 1.0 and 3.0 OfF ratios. Bipropellant operation does indeed have a powerful effect on reducing the GLOW for these lower 22-wt% cases. As with the 22-wt% cases with 00-wt% He, none of these vehicles had a lower GLOW than the baseline O,_/I-I2vehicle.
Using 50-wt% B with 00-wt% He, the vehicle GLOW is significantly lower than that for the O,JI-l_, vehicle: only 1,145,700 kg. These results are shown in Figure 10 . The atomic B rocket has a lower GLOW than the OJI-I2 vehicle until it reaches an OfF ratio of 3.0. Therefore the best operating point for the atomic B rocket is between and OfF of 0.0 and 1.0. Atomic B vehicle operating at OfF ratios less than 1.0 will have a significantly lower GLOW than an O2/H__ vehicle, and thus show a vehicle benefit.
When operating at 50-wt% B with 40-wt% He, the vehicle GLOW shows a minimum between and OfF ratio of 0.5 to 1.0. Both of these OfF ratios deliver atomic B vehicle GLOW values that are below the baseline O2/H2 vehicle's GLOW.
Carbon:
Atomic C rocket GLOW with 24-wt% C and 50-wt% C is illustrated in Figures 11  and 12 . An atomic C rocket with 24-wt% C and 00-wt% He has a minimum GLOW at the OfF of 3.0:
2,245,000 kg. With the 40-wt% He, the same B loading delivers a minimum GLOW of 2,815,700 kg.
Both of these cases are greater in mass that the GLOW of the baseline vehicle.
At the 50-wt% C case (00-wt% He), the vehicle GLOW is a minimum at an OfF of 0.0:975,200 kg. In all of the higher OfF cases, the GLOW was higher than the monopropellant case. At the 50-wt% C case with 40-wt% He, the minimum GLOW occurred at an OfF of 0.0:1,735,200 kg. As with the boron cases, the 50-wt% vehicle may be able to operate at a higher OfF ratio, and still show a significant reduction in GLOW over the baseline vehicle.
Hydrogen:
The atomic hydrogen GLOW values are depicted in Figure 13, With the 15-wt% cases with 00-wt% He, the GLOW was not reduced by operating at higher OfF ratios. The minimum GLOW occurred at an OfF of 0.0 and the GLOW was 1,057,600 kg. Operating at higher
OfF ratios only increased the GLOW. Though the GLOW was increased, there is the possibility of reducing the overall vehicle operating costs by using the higher OfF ratios. At the higher OfF, the amount of atomic hydrogen needed is significantly reduced, and the size of the facility or production rate for the atomic hydrogen can be reduced.
When the He addition is 40-wt% with the 15-wt% H cases, the GLOW shows a minimum value in the OfF range of 1.0 to 2.0. However, there is only a small reduction in GLOW over the baseline O_-I2 vehicle.
At an OfF of 1.0, the atomic H GLOW is 1,842,000 versus 1,891,500 kg for the baseline vehicle. If the He addition could be reduced to 10-or 20-wt%, there is still the potential for significantly reducing the vehicle GLOW below the baseline case. At the 50-wt% H cases with 00-wt% He, the vehicle GLOW is always greatly reduced over the OJH2 baseline case. The monopropellant case (OfF = 0.0) reduced the GLOW to 411,000 kg, which is less than 22% over the O2/H: vehicle GLOW. With the 50-wt% H cases, the GLOW was increased by increasing the OfF ratio. As noted earlier, operating the vehicle at a higher OfF ratio can reduce the facility size and production rate for atomic fuels. Even if the GLOW is increased over the minimum value, operating at a higher OfF ratio may significantly reduce the overall cost of the atomic vehicle.
Using the 50-wt% H case with 40-wt% He, the GLOW is still a small fraction of the O2/I-12 baseline GLOW: only 518,000 kg. As the OfF ratio increased, the GLOW also increased. Even at the OfF of 2.0, the GLOW was still less than 50% of the baseline GLOW, with the atomic H vehicle weighing in at a mere 930,000 kg.
Vehicle Dry Masses
The atomic rocket dry masses were computed as a part of the GLOW calculations and are presented here Figure 9 andatomic C vehicle(24-wt% C) in Figure11show thatthere waslittle difference between theGLOWvalues for the00-wt% Heandthe40-wt% Hecases. Thisresult wasunexpected andcan be a powerful tool in creating apractical atomic fueled vehicle.
OncetheGLOWis computed andcompared to the baseline O2/I-I2 vehicle, themass difference between thebaseline andthenewatomic rocket canbeused to estimatethe potentialpayloadincrease. These analyses werebased on the assumption thatthe atomicrocket GLOWcanbeallowed to equal the baseline vehicle GLOW. Withatomic boron rockets, thepayload increases canbe70%, whereas if atomic hydrogen were proven feasible in some farfuture, the payload increase might be360%.
The GLOWanddry massdatacanbe usedto estimate thecostof futurevehicles andtheiratomic propellant production facilities.The lower the propellants mass, thelower theoverall investment for thespecially manufactured atomic propellants. In many cases, operating the atomic propellant vehicle at O/F ratios of 1-3 is very effective in reducing the atomic fuel needed and, ultimately, the fuel production costs. Using the 22-wt% B cases, the overall mass of fuel was reduced by nearly a factor of 2 percent with an O/F of 1.0. The best O/F ratio appears to be 2.0 for minimum GLOW. The overall system design, which balanced the GLOW reduction, dry mass, and fuel production needs, implies an O/F ratio between 1.0 to 3.0 was best.
A technology assessment of atomic propellants has
shown that atomic boron and carbon rocket analyses are considered to be much more near term options than the atomic hydrogen rockets and 31 In the boron and carbon rocket cases, operating the vehicle at an O/F ratio of 2 to 4 showed that the rocket I_p was little influenced by the addition of helium. The GLOW of the vehicle using 40-wt% He was not greatly increased over the 00-wt% cases. If there is a small effect of the helium addition on the engine Isp, this fact can be used to ease the design challenges of the feed system. With a larger helium wt%, there is a better chance to make the solid particle feed system successful. Design, pp. 261-295, Feb. 1, 1996. 
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